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We present thermodynamic studies of a new spin-1/2 antiferromagnet containing undistorted
kagome lattices—barlowite Cu4(OH)6FBr. Magnetic susceptibility gives θCW = −136 K, while long-
range order does not happen until TN = 15 K with a weak ferromagnetic moment µ < 0.1µB/Cu. A
60 T magnetic field induces a moment less than 0.5µB/Cu at T = 0.6 K. Specific-heat measurements
have observed multiple phase transitions at T ≪ |θCW |. The magnetic entropy of these transitions
is merely 18% of kBln2 per Cu spin. These observations suggest that nontrivial spin textures are
realized in barlowite with magnetic frustration. Comparing with the leading spin-liquid candidate
herbertsmithite, the superior interkagome environment of barlowite sheds light on new spin-liquid
compounds with minimum disorder. The robust perfect geometry of the kagome lattice makes
charge doping promising.
PACS numbers: 75.50Ee, 75.10Kt, 75.40Cx, 81.10.Dn
Magnetic materials are pervasive in modern physics
and quantum mechanics produces unexpected behav-
iors. A variety of exotic states—many of which are
topological—can be hosted in quantum magnets with
competing interactions. Knowledge of unconventional
magnetism in new compounds has great appeal across
boundaries in physics. One of the controversies is
whether a quantum spin liquid (QSL), such as a resonat-
ing valence bond state1, can be realized experimentally.
In a QSL, all of the spins result in a long-range quantum
entanglement and remain in motion even at a temper-
ature of absolute zero2. A QSL cannot be described by
broken symmetries in the same way as conventional mag-
nets, and it represents new states of matter. Having a zoo
of exotic phenomena and being a potential key ingredient
of high-Tc superconductivity, experimental realizations of
a QSL state have been a long and challenging pursuit for
decades3,4. The difficulty is rooted in precisely balancing
the microscopic interactions with quantum fluctuations,
which together prevent the spins from long-range order-
ing. Two-dimensional S = 1/2 lattices with geometric
frustration—where all exchanges cannot be satisfied—
are one of the promising protocols. Almost all candidates
order magnetically—because of nonstoichiometry issues,
imperfect lattice geometries, large spins, or perturbing
interactions—at low temperatures5–8, even though their
ordered spin textures are complicated and fascinating by
themselves.
The leading candidate is the x = 1 end member
of Zn-paratacamite [ZnxCu4−x(OH)6Cl2 with x > 1/3]
called herbertsmithite9. This compound features a ge-
ometrically perfect S = 1/2 Cu-kagome lattice with a
dominating nearest-neighbor Heisenberg antiferromag-
netic exchange. As x approaches 1, Cu2+ ions on
interkagome sites are replaced by nonmagnetic Zn2+
ions. At x = 1, the Cu-kagome layers become a two-
dimensional magnetic system. Theoretically, the ground
state of such a Heisenberg model can be a gapped
QSL10 as well as a gapless one11,12. Experimentally,
a spinon continuum−fractionalized spin excitations re-
sulting from spin-charge separation−has been observed
by neutron scattering, indicating a QSL ground state9.
However, a precise determination of the stoichiometry
of the nominal x = 1 sample gives x = 0.8513. The
excess Cu2+ ions on the interkagome sites weakly cou-
ple to the kagome spins through Cu-O-Cu superex-
change interactions. This provides additional terms in
the spin Hamiltonian and presents challenges to theo-
retical modeling. In particular, the precise spin Hamil-
tonian of herbertsmithite remains ambiguous because
of the infeasibility for spin wave study. Alternative
investigations on clinoatacamite—x = 0 mother com-
pound of herbertsmithite with a magnetically ordered
ground state—are devalued due to its Jahn-Teller dis-
torted kagome structure—a ubiquitous conundrum for
lattices with spin-1/2 transition metals. At low temper-
atures or energies, the excess spins have strong response
which overwhelms additional evidence of a QSL—the ex-
istence or absence of a spin gap10–12. In addition to the
interkagome impurity, a trace amount of Zn2+ ions in the
Cu-kagome layer remains a nagging concern since these
two 3d transition metals are next to each other in the pe-
riodic table, though the Zn dilution is measured to be no
more than ∼1%13. Doping the interkagome sites by large
nonmagnetic Cd2+ ions—a 4d transition metal and dif-
ficult to exchange sites with Cu—unfortunately distorts
the kagome structure and induces spin ordering14. For
the search of stronger evidence of a QSL, a new family of
S = 1/2 antiferromagnets featuring undistorted kagome
lattces is all the more urgent.
Here we present a new candidate compound, barlowite
Cu4(OH)6FBr
15, with its bulk properties studied using
thermodynamic techniques. Barlowite has a hexago-
nal crystal system in the P63/mmc space group [a =
6.6786(2) A˚, c = 9.2744(3) A˚]16. As shown in Figs. 1(a)
and 1(b), three Cu2+ ions in the formula are crystallo-
graphically equivalent and form a geometrically perfect
kagome lattice. The space of the interkagome site is so
large that the fourth Cu2+ ion sits in one of three equiv-
alent positions (only the average position is shown). The
2TABLE I: Bond angles of the superexchanges in
Cu4(OH)6FBr at room temperature. Cu1 is in the
kagome plane, and Cu2 denotes the average position of three
equivalent interkagome sites: Cu2a, Cu2b, and Cu2c.
Cu1-O-Cu1 Cu1-O-Cu2 Cu1-O-Cu2a,b Cu1-O-Cu2c
Angle 117.4◦ 95.8◦ 88.7◦ 107.5◦
kagome layers stack on top of each other, different from
the staggered stacking in Zn-paratacamite. Barlowite or-
ders magnetically at TN = 15 K and frustrated antifer-
romagnetism is present with multiple phase transitions
at low temperatures. Doping the interlayer sites with
large nonmagnetic ions is likely to succeed, as has been
demonstrated in Zn-paratacamite. The kagome spin lat-
tices in barlowite are weakly coupled. As a new mother
compound of QSL states, the uniqueness and advantages
of barlowite are discussed.
The sample was grown hydrothermally and was char-
acterized by x-ray diffraction15. Magnetic susceptibil-
ity (χ ≈ M/H in the paramagnetic regime and in the
weak-field limit) as a function of temperature has been
measured by using a SQUID magnetometer (Quantum
Design MPMS) on a 68.5 mg polycrystalline sample—
a collection of numerous small crystals. In the inset of
Fig. 1(c), the inverse susceptibility is fitted with a Curie-
Weiss function for 180 < T < 300 K. A temperature in-
dependent contribution, possibly from the core diamag-
netism and the Van Vleck paramagnetism of the sample
and the holder, has been subtracted. The Curie-Weiss
temperature is θCW = −136 ± 10 K, indicating strong
antiferromagnetic exchange. The mean-field g factor of
the Cu2+ ions is 2.27, assuming S = 1/2.
Magnetization as a function of field was measured
by using an extraction magnetometer18 in a 3He cryo-
stat. Magnetic fields up to 60 T were provided by a
25-millisecond-duration pulsed magnet at National High
Magnetic Field Laboratory at Los Alamos18. The mag-
netometer was calibrated against SQUID measurements,
as shown in Fig. 1(d). The low-field behavior is dom-
inated by a hysteresis loop with a coercive field of
about 0.01 T (inset). This weak ferromagnetism may
be due to the interkagome Cu or Dzyaloshinskii-Moriya
interaction (DMI). The magnetization jump is less than
0.1µB/Cu, showing that only a small fraction of the avail-
able magnetic moment is involved. Above the hystere-
sis loop, M(H) is monotonic. The polarized moment
is 0.48(4)µB/Cu at 60 T, corroborating the strong an-
tiferromagnetic exchange. No impurity contribution is
observed.
Magnetically, barlowite is better modeled by a stack
of weakly coupled kagome layers—instead of a three-
dimensional network of tetrahedrons—regarding J ′/J ,
where J ′ is the exchange between a kagome Cu and the
average position for an interkagome Cu. Down to T ∼
0.2J/kB, the magnetic susceptibility has been calculated,
using numerical linked-cluster expansion (NLCE), on a
16-site cluster by considering a kagome lattice coupled
to interkagome spins17. As shown in Fig. 1(c), our sus-
ceptibility data are well described by assuming J ′/J =
−0.1 with J/kB = −180 K—slightly less than θCW =
−136 K. In a frustrated magnet, a Curie-Weiss fit in
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FIG. 1: (color online) Crystal structure of barlowite when
looking perpendicular (a) and almost parallel (b) to the
kagome lattice. The symbols are kagome Cu1-blue; interk-
agome Cu2-purple; O-red; H-salmon; F-green; Br-brown. In
(a), the thick black lines denote Cu-Cu grids. (c) Magnetic
susceptibility of polycrystalline (explained in the text) bar-
lowite measured at µ0H = 0.1 T. The data are compared with
calculations17 as described in the text. Inset: Inverse suscep-
tibility and a Curie-Weiss fit. (d) Magnetization versus field
measured at liquid-helium temperatures. Inset: Hysteresis
loop at µ0H < 0.08 T.
a temperature range comparable to |θCW | often needs
to be corrected when quantifying the microscopic ex-
changes. In addition, θCW describes the combined effect
of all exchanges. As shown in Table. I, J and J ′ of bar-
lowite are consistent with the Goodenough-Kanamori-
Anderson rule for the Cu-O-Cu superexchange bond
angles19. As has been demonstrated in a metal-organic
kagome compound, competing antiferromagnetic and fer-
romagnetic interactions result in a quick saturation of the
Cu spin moments at µBB ∼ J/20
20. In herbertsmithite,
where most of the interkagome sites are occupied by
nonmagnetic Zn2+ ions, antiferromagnetic exchange in
the kagome lattice dominates, and only 0.1µB/Cu is in-
duced at µBB ∼ J/3
21. Barlowite falls in between with
0.48µB/Cu induced at µBB ∼ J/2—consistent with a
combined effect from strong in-kagome antiferromagnetic
and weak out-of-kagome ferromagnetic exchanges.
Magnetization at low fields is plotted in Fig. 2(a),
showing a phase transition to a long-range ordered state
with a small ferromagnetic moment at Ne´el temperature
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FIG. 2: (color online) (a) Magnetization versus temperature
measured after cooling from room temperature in zero field
(ZFC) and a field (FC). (b) Negative derivative of the tem-
perature dependence of magnetization in the proximity of TN .
(c) Power-law fitting to the spontaneous magnetization.
TN = 15.4 K. At µ0H = 0.005 T, zero-field-cooled (ZFC)
and field-cooled (FC) data indicate a thermal hysteresis,
which gradually vanishes as field increases beyond the co-
ercive field. The thermal hysteresis may originate from
domains of the weak ferromagnetism or a trace amount of
spin-glass phase, neither of which plays a major role since
ZFC and FC curves collapse onto each other at µ0H = 0.2
T. In Fig. 2(b), we have plotted the negative derivatives
of the FC data shown in Fig. 2(a) in order to precisely
detect phase transitions. At µ0H = 0.005 T, a second
phase transition occurs at T = 13.8 K, which broadens
at increasing fields and becomes a shoulder of the main
peak at 0.2 T. In Fig. 2(c), the spontaneous magnetiza-
tion below TN is fitted to a power lawM = At
β giving β
= 0.51, where t = |T − TN |/TN is the reduced temper-
ature and A is a constant. Similar fits at fields up to 0.2
T give β between 0.44 and 0.51. This exponent is larger
than 0.39 observed for the three-dimensional ferromag-
netic ordering of iron22. At µ0H = 0.005 T, the ordered
moment saturates at 0.06µB/Cu in the T → 0 limit, as
shown by the FC curve in Fig. 2(a).
Specific heat was measured using a Quantum Design
physical property measurement system (PPMS) on a 5.4
mg single-crystal sample. The field was applied parallel
to the kagome plane. In Fig. 3(a), at zero field, a phase
transition at T = 15 K corroborates the magnetization
measurements. The application of a field progressively
pushes the entropy below TN to higher temperatures, in-
dicating that a large part of the low-temperature specific
heat is magnetic. A full suppression of the magnetic en-
tropy requires µ0H > 20 T. The background specific heat
of phonon and disordered spins is estimated by fitting the
zero-field specific heat between 20 and 30 K to a poly-
nomial Cbg = aT
2+bT 3. The specific heat at T > 30
K deviates from a simple polynomial. The returned pa-
rameters are a = 0.0263 J/K3 mol form. unit and b =
9.87 × 10−5 J/K4 mol form. unit. Instead of the T 3
law expected for a lattice structure in 3D, the T 2 term
0
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FIG. 3: (color online) (a) Specific heat measured on a single
crystal sample of barlowite at fields parallel to the kagome
lattice and compared with zero-field specific heat of herbert-
smithite. (b) Magnetic specific heat after subtracting the
background. (c) Magnetic entropy integrated from T = 2
K and normalized as a fraction of the total value per Cu spin.
dominates Cbg, possibly due to spin correlations formed
above TN . Cbg resembles the total specific heat of poly-
crystalline herbertsmithite with disordered spins23. The
magnetic specific heat Cmag is obtained by subtracting
Cbg and is shown in Fig. 3(b). As the temperature ap-
proaches TN from above at zero field, it is difficult to de-
termine the critical exponent α in Cmag ∝ t
−α, since its
value depends on Cbg. When cooling below TN , instead
of falling towards zero in a power law, a broad hump ex-
tends down to T < 5 K. A small kink in Cmag is seen at
T = 13.8 K, signaling a second phase transition. For 5 <
T < 10 K, the dome in Cmag might indicate slow freez-
ing of the spin moments. At µ0H = 1 T, the two closely
spaced transitions at TN and 13.8 K become one rounded
peak, which is consistent with the magnetization data in
Fig. 2(b). For T > TN , a third phase transition, which is
very weak and insensitive to a field of 3 T, takes place at
T = 26 K. This phase transition has not been observed
in magnetization measurements.
Obtained by integrating Cmag/T from T = 2 to 30
K, Fig. 3(c) shows the magnetic entropy released from
the spin ordering transitions. The plateaus at high fields
are artifacts from the estimation of Cbg. At zero field,
the integration gives merely 18% of what is expected for
the Cu spins. There is no indication, down to the low-
est temperature measured, that residual entropy exists.
Apart from the small ordered moments of spin-1/2 ions,
the missing entropy may be ascribed to the formation of
dynamic spin correlations, such as a chiral spin state24
or a valence bond solid25, far above TN . Such a behavior
is ubiquitous for geometrically frustrated magnets and is
4also indicated by the deviation from the Curie-Weiss fit
at T < 180 K in Fig. 1(c). For barlowite, the empirical
parameter of frustration f = |θCW |/TN = 9 ≫ 1, indi-
cating the presence of strong frustration26. Structurally,
it is unclear whether and how the interkagome Cu2+ ions
freeze into one of the three equivalent positions. Such a
process releases an entropy of kBln3 per form. unit, 40%
of the total entropy from Cu spins (4kBln2 per form.
unit).
DMI can cause spin canting in a kagome lattice, gen-
erating ferromagnetic moments. It also affects the mag-
netic ground state, possibly tuning it in the proxim-
ity of a putative quantum critical point27. In herbert-
smithite, the OH bonds dangle and may freeze ran-
domly at about 50 K, complicating the DMI and spin
dynamics28. Similarly, in barlowite, J and J ′ are me-
diated by OH bonds, and both the in-plane and out-
of-plane components of DMI are allowed by symmetry.
However, the OH bonds are stabilized because all H+
ions are connected to F− ions—through strong hydro-
gen bonds—between the kagome layers. Since the spin
exchanges are sensitive to the hydrogen positions, the
HF bond makes possible an accurate determination of
the superexchange. It remains unclear how the spinon
continuum of herbertsmithite is related to its proxim-
ity to a quantum critical point. While resembling many
aspects of clinoatacamite and herbertsmithite, the dif-
ferent structure of barlowite provides an opportunity to
fine-tune the exchange parameters.
Studies on QSL physics largely rely on the reconcili-
ation between experiments and theories2. This requires
the knowledge of the spin Hamiltonian, which cannot be
determined precisely for herbertsmithite in the absence
of spin waves29. Studies on clinoatacamite may not be
helpful since its structure deviates from that of herbert-
smithite as a result of Jahn-Teller distortion30. In cli-
noatacamite, θCW is −190 K and J
′∼ −0.1J17. Three
magnetic transitions have been observed—two closely
spaced at 6 K and one at 18 K31. A small ferromag-
netic moment ∼0.06µB/Cu is observed at T < 6 K and
µSR measurements support the magnetic nature of the
18 K transition. These properties are similar to those of
barlowite. Unfortunately, no neutron scattering experi-
ment has been performed on a single crystal sample and
the microscopic spin properties of clinoatacamite remain
under debate.
Barlowite sheds light on solutions. Its high structural
symmetry relieves crystallographic twinning and allows
the growth of large single crystals32. Even though the
interkagome sites are fully occupied by Cu, in contrast to
clinoatacamite, barlowite maintains the perfect kagome
motif. For neutron scattering experiments, the absorp-
tion and incoherent cross sections of deuterated barlowite
are much reduced from those of herbertsmithite. This
provides an advantage to resolve subtle features at very
low energies as well as spin wave dispersions for accurate
derivation of the spin Hamiltonian.
The long-range ordering of barlowite at TN may be
suppressed by replacing the interkagome Cu with non-
magnetic ions. The large space around the interkagome
site allows many options of 4d transition ions, such as
Sn2+ or Cd2+ ions, paving the way for stoichiometric
MCu3(OH)6FBr (M = Sn, Cd, etc) without a concern
for antisite disorder. Based on the structure of herbert-
smithite, density functional theory calculation demon-
strates the possibility of substituting the interkagome Cu
with ions of different valence states, modifying the elec-
tronic band structure of the kagome lattice33. For bar-
lowite, the perfect geometry of the kagome lattice—a core
ingredient of QSLs—is extremely robust, making charge
doping a real possibility.
In conclusion, a new S = 1/2 antiferromagnet con-
taining geometrically perfect kagome layers is realized
by barlowite Cu4(OH)6FBr with weak out-of-plane fer-
romagnetic exchanges. Multiple magnetic phase transi-
tions occur at temperatures much lower than the Curie-
Weiss temperature, indicating strong frustration and
nontrivial spin orders. Single crystals are available for
future neutron scattering experiments. By replacing
the interkagome Cu with nonmagnetic ions, new can-
didates of QSLs will likely emerge with minimum dis-
order. Regarding the mechanism of high-temperature
superconductivity34, barlowite gives new hope for dop-
ing a resonating valence bond state.
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